We have combined the time resolution of short pulse laser techniques with the spatial resolution of the scanning tunneling microscope to image surfaces with 2 ps time resolution and 50 A spatial resolution. Conventional short-pulse laser experiments have spatial resolution of a few pm due to the difiaction limit of optical beams. Scanned probe microscopes (SPM) have demonstrated spatial resolution better than 1% sufficient to resolve individual atoms, but time resolution is on the order of 1 ms for point measurements and 1 s for imaging, limited by the mechanical constraints of SPM scanners.
Summary
We have combined the time resolution of short pulse laser techniques with the spatial resolution of the scanning tunneling microscope to image surfaces with 2 ps time resolution and 50 A spatial resolution. Conventional short-pulse laser experiments have spatial resolution of a few pm due to the difiaction limit of optical beams. Scanned probe microscopes (SPM) have demonstrated spatial resolution better than 1% sufficient to resolve individual atoms, but time resolution is on the order of 1 ms for point measurements and 1 s for imaging, limited by the mechanical constraints of SPM scanners.
Our ultrafast STM is a powefil tool to study the physics of mesoscopic systems. It opens a window to observe processes and excitations which propagate at velocities of a few A per fs. We can now spatially resolve in real time phenomena such as carrier transport in semiconductor structures, electric field and voltage wavefront propagation at metal semiconductor interfaces, or charge transfer in molecular electronic devices. The operation of sub-micron optoelectronic devices can be directly characterized with this technique. We have proposed to exploit the nonlinear nature of the different tip-sample interactions in scanning probe microscopy (STM, AFM, NSOM) to obtain ultrafast time-resolution [ 11. This nonlinearity can be intrinsic to the nature of tip-sample coupling or can be artificially produced by fabrication of custom designed tips. Time resolution is achieved by modulating both the sample and the tip response with two short optical pulses. By scanning the time delay between the two pulses and integrating the signal, a cross-correlation of the tip-sample response is obtained. This basic principle is very general, and can be implemented in a wide variety of applications.
In the experiment presented here, we have integrated an ultrafast silicon on sapphire (SOS) photoconductive switch with an STM tip assembly to provide time resolution. Short (0.6 ps) voltage pulses were generated by shorting a transmission line with a second SOS switch. The switches were operated with pulses from a 100 fs Ti:sapphire laser. The transmission line consisted of a pair of 20 J. I m wide gold strips deposited on a sapphire substrate (Fig. 1) . The S T M tip was positioned over one strip of the transmission line, and cross-correlation measurements were performed by varying the delay between the two optical pulses.
Fig 2 shows a 2 ps wide cross-correlation pulse detected by the STM while tunneling at 5 nA with a +SO mV bias on the strip. The average tunnel current is increased by -0.5 nA when the transmission line pulse passes beneath the tip, for a signalhackground ratio of 10% . Fig 3 shows a series of pulses recorded at tunneling gap resistances between 16 M a and 256 MQ at +SO mV bias. The size of the correlation pulse is approximately proportional to the tunnel current.
Additional structure can be observed following the correlation peak in figure 2. We attribute this to ringing of the tip structure, which decays with a time proportionaf to the tunnel gap resistance.
When the tip is withdrawn from the surface by 50 & both the DC tunneling and the cross-correlation signal drop to zero. Contributions to the time resolved signal from capacitive coupling or radiative effects were not detected .  Fig 4 shows a 0 .7 pm square image of one of the transmission line conductors acquired as the fast pulse passed under the tip. A similar image was acquired 2.5 ps before the amval of the pulse. We do not attribute features in the image to propagation of the voltage pulse since the transmission line propagation velocity is -100 pdps, too fast to be resolved with this instrument.
Ultrafast scanned probe microscopy is not limited to the STM. As we discussed before [l], the non-linear nature of the probe-sample interactions in STM, atomic force microscopy (AFM) and nearfield optical microscopy (NSOM) offer many opportunities for resolving ultrafast phenomena. 
